The mechanical properties of a bainitic microstructure with slender ferrite plates (20-65 nm in thickness) in a matrix of carbon-enriched retained austenite were characterized. The microstructure is generated by isothermal transformation at temperatures in the range 200-300ºC. A yield strength as high as 1.5 GPa and an ultimate tensile strength between 1.77 to 2.2 GPa was achieved, depending on the transformation temperature. Furthermore, the high strength is frequently accompanied by ductility (≤ 30%) and respectable levels of fracture toughness (< 45 MPa m 0.5 ). This unusual combination of properties is attributed to the exceptionally fine scale of the carbidefree bainitic microstructure and the associated retained austenite.
Introduction
A new generation of bainitic steels has recently been developed using detailed phase transformation theory for the bainite reaction [1] . The calculations rely on the fact that nucleation occurs under paraequilibrium conditions and that the nucleus evolves into a plate by diffusionless growth. The steels have a simple metallurgy which can be summarized as follows [2] [3] [4] :
• low bainitic and martensitic transformation temperatures (B S and M S respectively) both to maximize the fraction of bainite and to reduce the scale of the microstructure;
• the precipitation of cementite is avoided by alloying with silicon; cementite is a brittle phase in high strength steels;
• in spite of the low transformation temperatures, the steel is designed to achieve the required bainitic microstructure in realistic time-scales during isothermal transformation. Furthermore, the hardenability is engineered so that phases such as allotriomorphic ferrite and pearlite are avoided during cooling from the austenitisation temperature.
This study presents a detailed analysis of the relationship between microstructure and mechanical properties for a selected variant of the new alloy system.
Material and experimental procedure
The chemical composition of the alloy is listed in Table 1 . Samples 10 × 4 × 4 cm were homogenized at 1200 o C in a vacuum furnace for two days, followed by slow cooling to ambient temperature, achieved by switching off the furnace in order to obtain a pearlitic microstructure. This is important in order to avoid martensite which is brittle because of the high carbon concentration. Any martensite plates which crack can permanently compromise the integrity of the sample. A vacuum furnace was also used to protect samples against oxidation during austenitisation at 900 o C for 30 min prior to isothermal heat treatment, at 200, 250 and 300 o C respectively. The alloy contains manganese and chromium for hardenability, and silicon to prevent cementite precipitation [1] , so that the carbon that is partitioned into the residual austenite stays there to be retained down to ambient temperature. Molybdenum is added to prevent temper embrittlement due to phosphorous. The carbon concentration was selected to suppress B S whilst at the same time allowing realistic transformation times. Cobalt is added to accelerate the rate of reaction by increasing the free energy difference between the ferrite and austenite phases. Detailed information on the metallurgical design of the alloys and of the heat treatment is given in [4] . X-ray experiments were conducted using a Phillips PPW1730 diffractometer at a scan rate (2θ, where θ is the Bragg angle) of 0.1 o min -1 over the range 2θ = 30-110 o , with unfiltered Cu K α radiation. The system was operated at 45 kV and 45 mA. The peak positions and widths of Bragg reflections were determined by a self-consistent profile-fitting technique using the Pearson VII function. The fraction of retained austenite was calculated using the integrated intensities of 111, 200, 220 and 311 austenite and 110, 002, 112 and 022 peaks of ferrite. This helps avoid bias due to crystallographic texture [5] . The ferrite carbon content was calculated using the relationship between its lattice parameter and chemical composition as reported in [6] . The X-ray data from the microstructure were also analysed for non-uniform strains. Diffraction peaks are broadened by the presence of non-uniform strains that systematically shift atoms from their ideal positions, and by the finite size of coherently diffracting domains. These two effects have a different dependence on the value of θ [7] . The non-uniform strain effect can therefore be separated, since the slope of a plot of β hkl cos{θ hkl } versus 4sin{θ hkl } is equal to a measure of the non-uniform strain ε [7] . The parameter β is the measured peak broadening. The dislocation density, ρ, is calculated as follows [8] :
where b stands for the Burgers vector of dislocations in α-Fe.
Specimens for transmission electron microscopy were machined from 3mm diameter rods and sliced into 100 µm discs. These were ground down to 50 µm thickness using 1200 grit silicon carbide paper, for electropolishing at 50 V using a twin jet unit. The electrolyte consisted of 5% perchloric acid, 15% glycerol and 80% methanol. A JEOL JEM-200CX transmission electron microscope operated at 200 kV was used to examine the thin foils, from where the ferrite true plate thicknesses t were determined, by measuring the mean lineal intercept t/2 L π = in a direction normal to the plate length.
Tensile specimens with a section of 5mm diameter and a gauge length of 25mm were tested at room temperature using an Instron-8032 fitted with a 100kN load cell. A crosshead speed of 0.1mm/min was used in all the experiments. Plane strain fracture toughness (K IC ) was obtained on
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Microalloying for New Steel Processes and Applications compact tension specimens of B = 13 mm, W = 26mm and a/W = 0.5 tested at room temperature in a servo-hydraulic machine, where B and W stands for the test piece thickness and width respectively, and a for the effective crack length. The development of the fatigue crack and its propagation by applying an increasing force was carried out according to the British standard BS 5447. All mechanical experiments were assisted by electronic equipment that allowed the continuous tracking of load-displacement data during the tests. All samples were machined from the softened (pearlitic) state after homogenization and subsequently heat-treated to the desired conditions.
Results and Discussion
The general microstructure consists of plates of bainitic-ferrite and retained austenite, as described in a previous study and illustrated in Fig. 1, [2,3 ]. This figure summarizes experimental data concerning the microstructure as a function of transformation temperature; the transformation time was in all cases sufficient to ensure the cessation of the bainite reaction. The bainitic ferrite fraction, its carbon content and dislocation density increases as the transformation temperature is reduced [1, 9] . There are two distinctive features of bainite generated by transformation at low temperatures. The first is the small thickness of the ferrite plates, about 30nm and 65nm in the microstructures obtained at 200ºC and 300ºC respectively. This is a consequence of the increased strength of austenite at low temperatures and the magnitude of the free energy change accompanying transformation [10] . The second is the large amount of carbon, up to 0.30 wt.%, which remains trapped inside the bainitic ferrite. The material exhibits an extraordinary combination of properties, with a yield strength (YS) greater than 1.2 GPa, and an ultimate tensile strength (UTS) ranging from 1.77 to 2.2 GPa, the latter in the case of the 200ºC microstructure ( Fig. 3) . Such a combination of properties has never before been achieved in bainitic steels. Fracture toughness (K IC ) and ductility both decrease as the strength increases. The microstructure obtained by transformation at 300ºC exhibits ∼30% elongation and fracture toughness of 44 MPa m 0.5 , very high values if compared with those obtained by transformation at 200ºC, where elongation is reduced ~20% and toughness by half. The increase in strength in microstructures generated at lower temperatures is due to the thinner bainitic ferrite plates, Fig. 1 . Theory indicates that the contribution to strength due to the size of the plates is given by
in MPa [12] [13] [14] , where L ≅2t is the mean linear intercept in micrometers. It is easily shown that much of the strength of low-temperature bainite is due to the extremely fine plates of ferrite. For example, for plates 30nm thick 898 MPa for a plate thickness of 64nm at transformation temperature of 300ºC. It is therefore expected that the strength varies linearly with the reciprocal of the ferrite plate thickness even when other contributions are neglected. In practice, the mean linear intercept L should depend on the fraction of bainite, V b . If plates are assumed to be square, then [4] . It follows that the UTS and YS can be related to the ratio V b /t, as shown in Fig. 4 . There are other operative strengthening mechanisms which are expected to contribute; in particular, the excess carbon concentration in the ferrite and the dislocation density, Fig. 1 . The excess carbon is a consequence of the displacive mode of transformation and its presence has been independently verified using X-ray analysis and atom-probe measurements [15, 16] . A strong correlation exists between the carbon content and the calculated dislocation density [15] , Fig. 5 , which suggests that the carbon may be trapped at dislocations in the bainitic ferrite as originally suggested for martensite by Kalish and Cohen [17] . Therefore, there may be no independent contribution of carbon in solid solution, but rather, through its effect on the mobility of dislocations.
Theory indicates that the strength increment due to dislocations is given by On the other hand, toughness and ductility seem to be controlled by the amount of retained austenite present in the microstructure, Fig. 1 and Fig. 3 . The microstructure obtained at 300ºC exhibits the best results with 25% of retained austenite present after the completion of reaction, lower levels are achieved with the stronger microstructure obtained after transformation at 200ºC. Fig. 7 compares the properties of the present steel against published data [19] ; it is obvious that the low temperature bainitic steel has an exceptional combination of mechanical properties. Fig. 7 . Comparison of strength versus total elongation of conventional steels and lowtemperature bainitic steels. IF-interstitial free, CMn-carbon manganese, BH-bake hardenable, ISisotropic, DP-dual phase, CP-complex phase [19] .
Conclusions
A mixed microstructure of retained austenite and extremely fine bainitic ferrite plates, developed from austenite by isothermal transformation al low temperatures (200-300ºC), was tested in order to characterise its mechanical properties. The strength/ductility combinations reported had not been achieved in bainitic steels before. It was found that the extraordinary slender plates of bainitic ferrite in conjunction with high dislocation density in ferrite, are the main strengthening mechanisms operating.
